Characterization of the first rice paddy cluster I isolate, Methyloterricola oryzae gen. nov., sp. nov. and amended description of Methylomagnum ishizawai Aerobic methanotrophic bacteria (MOB) inhabit diverse environments. They are found in aquatic ecosystems like sediments or the water column of oceans and lakes, as well as in terrestrial habitats like upland soils, peatlands, rice fields or permafrost soils [1] . In most of these ecosystems, MOB are abundant in redox transition zones, where methane enters from the anoxic and oxygen from the oxic zone. In rice fields, MOB are present at this oxic-anoxic interface in the soil column, as well as in the rhizosphere of rice plants, where oxygen is diffusing from the atmosphere via the aerenchymatic tissue of the plant [2] . MOB act as sink for methane in rice fields and reduce the release of this greenhouse gas to the atmosphere substantially [3, 4] . Recently published in situ methane consumption rates indicate methanotrophic activity on the emerged parts of rice plants [5] , raising the question whether MOB reside on and can be isolated from the above-ground parts of plants.
closely related to Methylococcus capsulatus (94.3 % sequence identity). Phylogenetic analysis of the PmoA sequence indicates that strain 73a
T represents rice paddy cluster I (RPCI), which has almost exclusively been detected in rice ecosystems. The G+C content of strain 73a T is 61.0 mol%, while strains 114 and 175 have a G+C content of 63.3 mol%. Strain 73a T (=LMG 29185 T , =VKM B-2986 T ) represents the type strain of a novel species and genus, for which the name Methyloterricola oryzae gen. nov., sp. nov. is proposed and a description is provided. Strains 175 (=LMG 28717, VKM B-2989) and 114 are members of the species Methylomagnum ishizawai. This genus was so far only represented by one isolate, so an amended description of the species is given.
Aerobic methanotrophic bacteria (MOB) inhabit diverse environments. They are found in aquatic ecosystems like sediments or the water column of oceans and lakes, as well as in terrestrial habitats like upland soils, peatlands, rice fields or permafrost soils [1] . In most of these ecosystems, MOB are abundant in redox transition zones, where methane enters from the anoxic and oxygen from the oxic zone. In rice fields, MOB are present at this oxic-anoxic interface in the soil column, as well as in the rhizosphere of rice plants, where oxygen is diffusing from the atmosphere via the aerenchymatic tissue of the plant [2] . MOB act as sink for methane in rice fields and reduce the release of this greenhouse gas to the atmosphere substantially [3, 4] . Recently published in situ methane consumption rates indicate methanotrophic activity on the emerged parts of rice plants [5] , raising the question whether MOB reside on and can be isolated from the above-ground parts of plants.
MOB are often divided into type I (corresponding to Gammaproteobacteria) and type II (Alphaproteobacteria), whereby in particular type I MOB are often further differentiated into type Ia to Id [1] . In rice field soils and the rice rhizosphere, members of well-known genera such as Methylocystis, Methylosinus, Methylomonas, Methylosarcina, Methylobacter or Methylosoma have frequently been detected. Besides, cultivation-independent studies have revealed the presence of several uncultured groups, including type Ia methanotrophs and in particular type Ib methanotrophs. Among the latter are methanotrophs of rice paddy cluster 1 (RPC1), which is quite consistently found in rice ecosystems [1, 6] . Remarkably, a rather low number of different genera of MOB have been isolated from rice fields so far, encompassing mostly the common genera Methylocystis, Methylosinus and Methylomonas [7, 8] . Only recently, further novel taxa of type I MOB were described, including Methylogaea (soil-water interface, Uruguay), Methylomagnum (rice rhizosphere, Japan) and the Methylococcaceae strains BRS-K6 (rice field soil, Bangladesh) and Sn6-10 (rice rhizosphere, India) [9] [10] [11] . However, in cultivationindependent studies, these were not very frequently detected [1] , indicating that the isolation of representative taxa remains challenging.
In this study, we aimed specifically at the isolation of type I methanotrophs living in association with rice plants. For the enrichment of MOB, the basal aerial parts of rice stems were collected from Oryza sativa subsp. indica cv. IR-72 or cv. Angelica grown in a paddy field at the International Rice Research Institute (IRRI) in Los Baños, Philippines. The stems were used for imprints on nitrate mineral salts (NMS, ATCC medium 1306) and ammonium mineral salts (AMS, ATCC medium 784) medium agar plates [12] , which were incubated at 28 C for 6 weeks under a 20-30 % (v/v) methane-containing atmosphere. To support growth, a vitamin solution was added [7] . Individual colonies were repeatedly picked, restreaked and incubated for 3 to 4 weeks until pure cultures were obtained. If isolation failed via this way, individual colonies were resuspended in liquid AMS or NMS medium and serially 10-fold diluted in microtiter plates. Upon growth in the plates for 5 to 7 days, an aliquot of cell suspension from the highest positive dilution was spread on an agar plate and incubated until colonies appeared. These were picked, restreaked, grown and evaluated for purity. Purity was assessed microscopically and by cultivation on Nutrient Broth and Reasoner's 2A agar. No growth was detected on these plates in cases of pure cultures.
To differentiate the methanotrophic isolates, the pmoA gene sequence was analyzed, as it serves as a valuable molecular marker due to its broad occurrence in methanotrophic bacteria and its largely congruent phylogeny compared to the 16S rRNA gene [1] . To differentiate type I and II methanotrophic isolates, a restriction fragment length polymorphism analysis of pmoA PCR-products was performed. Cell biomass was transferred into a 0.2 ml PCR tube, filled with 100 µl of 50 mM NaOH and 0.1 g of zirconium-silica beads of 0.1 mm diameter. Cells were thermally lysed by incubating the suspension for 10 min at 99 C, followed by mechanical lysis for 60 s in a bead beater (CapMix, 3M ESPE). Between 1 and 2 µl of cell extract were used as template in a PCR assay as described earlier [13] . Four µl of PCR product were digested overnight in 10 µl assays with BclI (Fermentas) and the band patterns visualized on 3 % agarose gels. The pmoA-PCR products of Methylocystaceae were specifically cut at 290 bp, while pmoA-PCR products of type I methanotrophs remained undigested. After identification of type I MOB, the pmoA PCR products of these isolates were sequenced. This revealed the isolation of Methylococcus, Methylomonas and some isolates without closely related cultivated strains. The latter were further differentiated at strain level based on BOX-PCR, as described earlier [14] . It revealed the presence of three different groups (Fig. S1 , available in the online Supplementary Material), of which strains 73a
T , 114 and 175 were selected as representatives and characterized in detail. In all subsequent experiments, strains 114 and 175 were cultured on AMS medium and strain 73a
T on NMS medium.
Cell morphology was assessed via bright field, fluorescence (Leica DMRB) and phase-contrast microscopy (Zeiss Axio Imager M2). Cell inclusions were analyzed microscopically via cell staining with nile blue for poly-b-hydroxybutyrate (PHB) and counterstaining with 4',6-diamidino-2-phenylindole (DAPI, 0.1 µg ml
À1
) to visualize polyphosphate granules [15, 16] . Electron microscopy was performed after embedding cells in a drop of 10 % agarose solution. Thin slices were fixed after Karnovsky [17] and stained with 1 % osmiumtetroxide solution. Microscopic preparations were observed under an EM 109 electron microscope (Zeiss).
Motility was tested by spotting cell suspension on a 10-fold diluted medium agar plate and observation of the spreading upon growth. Oxidase was tested with a 1 % N, N, N, N-tetramethyl p-phenylenediamine solution, while catalase activity was assessed by exposing cells to 3 % H 2 O 2 . Gram testing behavior was evaluated by placing a loop of fresh cell material into a drop of 3 % potassium hydroxide [18] . The growth of the strains on different carbon sources was tested by using a final concentration of 0.05 % of the following carbon compounds: acetate, succinate, methanol, ethanol, isopropanol, methylamine, formamide, formic acid, glycine, pyruvate, sucrose, fructose, glucose, ribose, urea, malic acid, fumaric acid, oxalic acid and yeast extract. The use of different nitrogen sources was tested with 1 and 10 mM of lysine, urea, sodium nitrate, ammonium chloride, formamide, methylamine, arginine, glycine, asparagine and glutamine. To test for nitrogen fixation potential, a nitrogen-free medium was prepared. Furthermore, salt tolerance (0.1, 0.2, 0.5 and 1 %), pH (2.3, 4.6, 5.0, 5.5, 6.1, 6.6, 7.1, 7.5, 7.8) and temperature range (4, 8, 15, 20, 27, 30, 37, 40 , 45 and 50 C) were evaluated. To study the lysis behavior of strain 175, copper sulfate was added in concentrations of 0, 20, 40, 60 and 89 µM to liquid medium cultures and cell appearance was analyzed microscopically over time.
DNA from all strains was extracted using the MasterPureDNA Purification Kit (Epicentre). The G+C content was determined based on melt-curve analysis in a qPCR cycler (CFX Connect, Biorad) as described [19] . Phylogenetic classification was done based on 16S rRNA gene sequence analysis. The gene of strain 114 was PCR amplified and sequenced using the 9f/1492r primer set [20] . For strains 73a
T and 175, sequences were taken from draft genome sequence datasets [21] . 16S rRNA gene sequences were aligned using the SINA aligner [22] , imported into the SSU Ref NR 99 database, the alignment manually controlled and a phylogenetic tree constructed in ARB. Likewise, a PmoA based phylogenetic tree was calculated in ARB using a customized PmoA database [1] . Information about the presence of genes involved in one-carbon and nitrogen metabolism such as mmoX, mxaF, nifH as well as of the ribulose-1,5-bisphosphate-carboxylase (RuBisCO) and the ribulose monophosphate (RuMP)-pathway was taken from the draft genome sequence analysis [21] .
Whole cell fatty acids were extracted from the three strains and the reference strains Methylogaea oryzae E10 T (DSM 23452 T ), Methylococcus capsulatus Bath (LMG 26900 T ), Methyloparacoccus murrellii R-49797 T (LMG 27482 T ) and Methylocaldum gracile 14L T (NCIMB 11912 T ) according to Sasser [23] and analyzed by gas chromatography/mass spectrometry [24] . All strains were grown on solidified medium for seven days (with the exception of M. oryzae E10 T , which did not grow well on plates and had to be cultured in liquid medium). The reference strains were grown on NMS medium.
Two-week-old colonies of strain 73a
T grown on agar plates appeared white, round and slimy, while colonies of strains 114 and 175 were white and round. Older cultures of strain 73a
T were slightly pink, while colonies of strains 114 and 175 became beige-brownish. Cells of strain 73a
T were small cocci with a size range between 1.6 and 1.9 µm Â 1.2 and 1.4 µm (length Â width). Strains 114 and 175 appeared as large short thick rods with a size range between 3.6 to 4.8 µm Â 2.6 to 3.5 µm. Upon aging, cells of strains 114 and 175 became larger, very fragile and divided incompletely, i.e. they formed chains often consisting of four to six cells (Fig. 1g ), similarly as previously described for and 89 µM copper appeared normally shaped. This may be linked to a higher membrane stability at higher copper concentrations, as proposed for Methylococcus capsulatus [25] .
All strains had intracytoplasmic membrane systems, which appeared as bundles of vesicular disks in transmission electron micrographs (Fig. 1c, h and i) ; a characteristic feature of all type I MOB [26] . Cell inclusions were clearly visible under the light microscope for strains 114 and 175. The number of inclusions increased in cells that had reached the stationary phase. They could be fluorescently stained in red with nile blue (Fig. 1f ) or in combination with DAPI in orange (Fig. 1g) , indicating the presence of PHB. In strain 73a T , nile blue staining for PHB inclusion bodies was negative, while DAPI staining revealed the presence of polyphosphate (Fig. 1b) . In comparison, the draft genomes contain genes known to be involved in polyphosphate storage in both strains (73a T and 175) and for PHB synthesis in strain 175 [21] , suggesting that not all potential storage compounds were accumulated at the same time in these cells under the given conditions. Moreover, the genome data predicts glycogen as storage compound in strains 73a
T and 175.
The cells of all three strains were Gram-negative and motile. They exhibited no catalase activity and only 73a T was cytochrome c oxidase positive. In comparison, the genome sequences revealed the presence of catalase in strain 175 and a cytochrome c oxidase in both strains [21] .
Strains 73a
T and 175 grew only on methane and methanol as carbon sources, while strain 114 did not even grow on methanol under the given conditions. Besides the presence of a particulate methane monooxygenase, genome analysis revealed that strain 175 possesses a soluble methane monooxygenase [21] . Formaldehyde assimilation is predicted to occur via the RuMP pathway, likewise as in other type I MOB. Moreover, genes encoding RuBisCO and enzymes involved in the Calvin cycle are present, suggesting that the strains may also use this pathway for carbon fixation [21] . The presence of RuBisCO has also been reported for other type Ib methanotrophs such as Methylococcus or Methylocaldum [27] .
All isolates used urea, nitrate, ammonium, or formamide as nitrogen sources and grew on nitrogen-free medium. In agreement with the latter observation, nif genes were present in the genomes of strains 73a T and 175 [21] . Growth was also detected with 1 mM of glycine and glutamine as nitrogen sources, but not with 10 mM of these substrates. Strains 114 and 175 grew with up to 0.2 % sodium chloride, while strain 73a T tolerated only 0.5 % salt in the growth medium. Strain 73a T showed optimal growth within a pH
Methylomagnum ishizawai 175 (FXAM00000000.1) range from 7.0 to 7.5 and at temperatures between 27 and 37 C. Strains 175 and 114 grew best at pH values ranging from 6.0 to 6.6 and temperatures between 15-37 C (Table 1 ). All three strains are thus mesophilic, supporting the recent statement that not all type Ib MOB are specifically adapted to thermal habitats [28] .
The cellular fatty acid composition of the strains revealed high abundances of C 16 chain fatty acids, which are typical for most type I MOB [1, 26, 29] . The strains contained a high percentage of C 16 : 0 (24-31 %) and a significant proportion of C 16 : 1 !7c (19-27 %), likewise as other type Ib reference strains (Table 2 ). High amounts of C 16 : 1 !5c and the presence of C 16 : 1 !6c were characteristic for strain 73a
T . Strains 114 and 175 also contained C 16 : 1 !6c and a high percentage of C 14 : 0 (31-39 %), which has so far only been reported for some Methylomonas strains [29] . In contrast to strain 73a T , strains 114 and 175 showed more variability in their fatty acid composition in temporarily replicated experiments.
Phylogenetic analysis of the 16S rRNA gene confirmed that all three strains are Gammaproteobacteria, representing type Ib MOB. While the sequences of strains 114 and 175 were closely related to the sequence of Methylomagnum ishizawai RS11D-Pr T (maximum 0.4 % sequence difference), strain 73a
T clustered distinctly from other type Ib type strains (Fig. 2) T is an isolate of the RPC I cluster (Fig. 3) . This cluster is found with broad distribution in Eurasia, and almost exclusively in paddy soils [1, 6, 30, 31] . The PmoA sequence of strain 73a
T was most closely related to Methyloparacoccus murrellii R-49797 T (85.8 %) and Methylococcus capsulatus Texas T (85.4 %). The PmoA sequences of strains 114 and 175 showed no or only minor differences (2.8 %) to the amino acid sequence of Methylomagnum ishizawai RS11D-Pr T . Genome analysis revealed that strains 73a
T and 175 possess the pmoA-related gene pmxA [21] . Remarkably, the PmxA sequences were most closely related to that of Methylocystis rosea, rather then to sequences of other type I MOB (Fig. 3) . Methylomagnum ishizawai RS11D-Pr T (AB669168)
Methylosinus trichosporium OB3b T (NZ_ADVE02000001)
Methylocystis parvus OBBP T (NZ_AJTV01000081)
Methylocapsa acidiphila B2 T (AJ278727)
Methyloterricola oryzae 73a T (NZ_JYNS00000000.1) Methyloterricola oryzae (o.ry¢ zae. L. fem. n. Oryza genus name of rice; L. gen. n. oryzae of rice), referring to the fact, that the type strain was isolated from rice stems). Additionally to the genus description, the type strain displays the following properties. Cells have a size of 1.6-1.9 µm Â 1.2-1.4 µm. The strain grows on NMS medium supplemented with urea, nitrate, ammonium, formamide, glycine or glutamine as nitrogen sources. The growth temperature is between 15 and 45 C (optimum is between 27 and 37 C) and optimum pH ranges from 7.0 to 7.5. The strain is salt tolerant up to 0.5 %. The G+C content is 61.0 mol%. Strain 73a T (=LMG 29185 T , VKM B-2986 T ) is the type strain and was isolated from rice stems of a paddy rice field at the Philippines.
AMENDED DESCRIPTION OF THE SPECIES METHYLOMAGNUM ISHIZAWAI
The size of the cells of this genus extend to a range between 1.5 and 3.5 µm Â 2.0 and 4.8 µm. Cells in the stationary phase increase in size, accumulate different types of storage granula and can form cell chains. Cells can become very fragile when grown in standard media, a phenomenon that can be compensated by increasing the copper concentration. Cells have the ability to produce PHB and potentially polyphosphate and glycogen as storage compounds. They grow optimal between 15 and 37 C and have an optimum pH range between 6.0 and 7.4. Some but not all strains possess nif genes, providing potential for nitrogen fixation. Besides using the RuMP pathway for formaldehyde fixation, the strains have the potential to assimilate CO 2 via RuBisCo and the Calvin cycle.
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